Abstract
Introduction
It has been proved that left ventricular (LV) myocardium structure plays a critical role in determining both mechanical contraction [1] [2] [3] and electrical activation [4] . Therefore, a precise description of myocardial fiber structure of LV wall can lead to better understanding of cardiac mechanics and electrical conduction in both normal and pathologic states. Most research on myocardial fiber structure focuses on its orientation, which is one of the critical determinants of myocardial wall motions and represents the direction where the current spreading is the most rapid [5, 6] . Myocardial wall was first studied by means of histological measurements and a well-ordered distribution was observed [7, 8] . In recent years, diffusion tensor imaging (DTI) has emerged as a powerful tool for rapid measurement of cardiac geometry and fiber structure at high spatial resolution. Numerous DTI studies show that the orientation of myocardial fibers changes smoothly from a left-handed helix in the epicardium to a right-handed helix in the endocardium, and the transmural helix angle typically range from -60º at the epicardium to +60º at the endocardium when viewed from base [9] [10] [11] . However, a complete knowledge of the contractile behavior of cardiac muscle also includes individual cardiac muscle length which is a key factor in characterizing the contractility of single cardiac muscle [12] . Globally, the distribution of myocardial fiber distribution and pathway can play a determinant role in the overall LV contraction. Therefore, investigation on myocardial fiber pathway may provide supplementary information on fiber architecture and cardiac mechanics [13, 14] .
However, LV remodeling not only involves functional but also structural alterations in infarct myocardium [15] . Such changes have been found to occur in infarct, adjacent and remote myocardium [16] [17] [18] . Several ex vivo DTI studies have been performed to investigate myocardium microstructure degradation on infarct hearts samples. Increasing of apparent diffusion coefficient (ADC) and reduction of fractional anisotropy (FA) in infarct region were usually obtained [19, 20] . More recently, in vivo DTI was successfully applied to investigate fiber architecture remodeling in a group of patients with acute myocardium infarct (MI) in various LV locations [21] . The results suggested an alteration of double-helical fiber structure besides changes of FA and ADC. But the influence of MI location, one of possible determinants of LV remodeling [22] , on myocardium structure was not discussed. So far, the influence of infarct location on cardiac remodeling is still controversial. Some researchers reported that infarct, not the location, is the dominant determinant of LV remodeling [23, 24] . However, others believed that anterior MI was associated with greater LV remodeling compared with nonanterior infarction [25, 26] . In this paper two groups of porcine model with septal or lateral transmural MI induced by LAD or LCX ligation were examined for functional and fiber structural alterations in LV [27, 28] . The effects of infarct locations and size on myocardium structure and fiber architecture alterations were discussed from DTI studies.
Methods
All MR experiments were conducted on a Philips 3T scanner.
Myocardial fiber pathway length distribution
Normal canine hearts (N=6, 30-35kg) were excised, arrested in diastole, and fixed with formalin. LV short-axis (SA) planes were prescribed as perpendicular to long axis and covered the entire heart. DTI was performed using single-shot spin echo EPI (SE-EPI) sequence: TE= 45 ms, TR= 4 s, diffusion sensitivity of b= 800 s/mm 2 , gradient direction= 15, slice number≈ 45, spatial resolution of 1.13 mm 3 with zero slice gap, NEX= 40, total scan time was ~1hr per sample. 3D reconstruction of LV myocardial fiber pathways were obtained by using PRIDE software package. A MATLAB program was developed to compute the fiber orientation and pathway length. Myocardial fiber helix angle was computed as defined by Scollan DF et al [10] (Fig.1) . The distribution of number of fibers tracked within each slice and their average pathway length was calculated respectively as a function of the helix angle using 9º steps. 
Myocardium structure remodeling in MI model
2.2.1. Surgery procedure. Adult mini-pigs (N= 6 for each infarct group) were anesthetized via IV administration of propofol. LAD or LCX coronary artery distal to the first diagonal branch was occluded with balloon to create infarct group #1 or infarct group #2. Six normal mini-pigs of similar weight and age were used as controls.
In vivo CMR imaging.
Thirteen weeks after surgeries, all infarct animals together with 2 controls were performed CMR imaging. Eight SA slices covering the whole heart were imaged using and ECG-triggered breathheld balanced-FFE cine sequence with parameters: TR/TE= 5.5/2.2 ms, slice thickness= 8 mm with 0 slice gap, cardiac frames= 20, in-plane resolution= 1.04×1.04 mm 2 , flip angle= 45º, and total scan time≈ 1 min. Delay-enhanced T1-weighted images were obtained on the same slices about 10 min after a bolus IV injection of Gd using an IR-M2D-FFE sequence with parameters: TR/TE= 3.8/1.3 ms, IR time= 275 ms, in-plane resolution= 0.68×0.68 mm 2 , flip angle= 15º, and total acquisition time≈ 5 min. Ejection fraction (EF) values and infarct size were analyzed using Segment and correlated among the animals scanned.
Ex vivo DTI study.
All animals were sacrificed after in vivo study. The fixation procedure of heart samples and the DTI study were the same as those described in 2.1. 3D myocardial fiber tracks were visualized using PRIDE. DTI parameters, i.e. FA, mean ADC, eigenvalues and eigenvectors, were measured using DtiStudio. Ten slices covering infarction were selected and segmented into infarct, adjacent and remote regions [28, 29] . Fiber quality described by FA, mean ADC, axial and radial diffusivities were measured in all regions. Histogram of helix angle distribution was analyzed using 10º steps. Three groups of fibers were classified: left-handed helical fiber (LHF) with helix angle within -90° to -30°, circumferential fiber (CF) within -30° to 30°, and right-handed helical fiber (RHF) within 30° to 90° [21] . Percentages of three groups of fibers were computed in adjacent and remote regions.
Histological analysis.
After ex vivo DTI, portions of the slices with infarction were selected, from which approximate 1 cm 2 pieces adjacent and remote to the infarct were cut out and embedded in paraffin. Then, they were sectioned into 5 μm slices and stained with Masson's trichrome for myocytes and connective tissue to visualize the myocardial structure integrity.
Results

Myocardial fiber pathway length distribution
Fiber distribution was investigated with FA and direction thresholds set at 0.15 and 40º, respectively. Average fiber pathway length distribution in eight representative slices among the six normal heart samples as a function of the fiber helix angle was examined (Fig.2a) . Fiber pathways at middle or upper ventricle are much longer than those near apex. In each slice, the long fiber pathways usually have small helix angles, and fiber pathways with larger helix angles are usually shorter. By weighting the fiber pathway length by respective fiber number (Fig.2b) , total fiber pathway length was obtained (Fig.2c) . For each SA slice, the percentages of the total fiber pathway length occupied by those tracked fibers with helix angle within ±20º were decreased from base to apex. These results indicated that fibers with small helix angle dominate the myocardial fiber architecture in terms of total length of all fiber pathways crossing each SA slice, and this dominance near apex is not as great as that observed in myocardium closer to the base. 
Cardiac functional remodeling
LV EF was found to decrease with increase of infarct size in both MI groups, yielding R=-0.90, -0.91 for LADand LCX-related MI groups, respectively (Fig.3). 
Myocardium structural remodeling
3.3.1 Myocardial fiber quality degradation. Both infarctions clearly disrupt the continuity of the fibers near infarct region. Significant decrease of FA was observed in infarct region, but not in adjacent and remote regions compared with controls. Between the two MI groups, no substantial difference was obtained in all regions (Fig.4) . Mean ADC increased significantly only in infarct region and no substantial changes were observed in all regions between two MI groups. Similar results were obtained for axial and radial diffusivities. FA values correlated significantly with infarct size in infarct region, yielding similar negative coefficients in both MI groups (Fig.5) . And positive correlations were exhibited for mean ADC, axial and radial diffusivities with infarct size in both MI groups. 
Myocardial fiber orientation alteration.
In adjacent region, helix angle distribution was found to shift towards left-handed in both MI groups. LHF and CF of LAD-related MI group were significantly different from control and LCX-related MI group (Fig.6a) . But no substantial changes of 3 groups of fibers were found in LCX-related MI group. However, in remote region, no significant fiber distribution change was observed in both MI groups (Fig.6b) .
Histological analysis.
The typical Masson's trichrome-stained views of the myocardial tissue in regions adjacent to the infarct were illustrated (Fig.7) . The adjacent regions exhibited substantial tearing of the myocardial fiber bundles with extended formation of fibrosis. But in the remote region, such tearing and fibrosis could not be observed clearly. 
Discussions and Conclusions
In normal hearts, most fiber bundles, particularly those having long pathways in myocardium, tend to have small helix angles and spiral circumferentially in mid-wall. The fiber pathways at middle and upper ventricle are longer than those near apex. The findings suggest that these mid-wall fibers dominate the fiber architecture in myocardium. Such characteristics may contribute significantly to the highly efficient and effective myocardial contraction and explain the predominant deformation in LV is radially-oriented during cardiac contraction. Such myocardial fiber pathway and connectivity characterization using DTI may provide insights into myocardial fiber architecture and cardiac mechanics in both normal and diseased hearts.
In MI hearts, myocardium structure remodeling was observed concurrent with well-known cardiac function deterioration. EF decreased with increase of infarct size. Changes of DTI parameters, such as FA, mean ADC, axial and radial diffusivities were revealed compared with respective controls, especially substantial degradation in infarct region. But no significant difference was observed between two MI groups in terms of fiber quality. All DTI parameters correlated well with infarct size in infarct region.
These results suggested that degradation of myocardium structure is infarct size dependent. But for myocardial fiber architecture, the double-helical fiber distribution was found to shift towards more left-handed compared with controls, especially in LAD-related MI group. This fiber architecture alteration is associated with infarct location. In general, MI heart structure remodeling involves myocardial fiber quality degradation and fiber architecture alteration. And this myocardium remodeling is determined by both infarct size and location.
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